Introduction
Among the different renewable decentralized electricity production technologies (excluding large hydro), wind energy presently has the largest share whereas Photovoltaics (PV) has the highest growth rate [1] . The inverter, used to connect the PV panels to the electricity grid, is usually the least reliable component of the system. Also, its functionalities can still be enhanced by adding the capability to mitigate Power Quality (PQ) issues on the Low Voltage (LV) grid, for instance.
PV emulators allow testing these inverters in a reproducible manner, avoiding the time-consuming, unpredictable and expensive testing on real PV arrays. Indeed, they are meant to reproduce the equivalent electrical outputs of the panels, i.e. the PV current and voltage, based on either a look-up table with saved experimental data or a PV model which can be simplified or not. Commercial emulators are available on the market; however, their low flexibility and relatively high cost make them inappropriate for scientific research. For instance, several emulators would be needed to take into account the shading effect (i.e. with different levels of irradiance), which is why it is preferable to develop home-made PV emulators.
Some emulators are limited to the use of constant parameters or atmospheric conditions, i.e. a constant characteristic curve for the panels [2] , while others allow changing online the atmospheric conditions for observing the dynamics of the inverter, and in particular the Maximum Power Point Tracking (MPPT) [3, 4] . PV modeling is done in MATLAB/Simulink in order to reproduce the output characteristics of the panels with different levels of precision, also varying the atmospheric conditions [5, 6] . Shading effect on the panels, which modifies the characteristic curves, is also added in simulation [7] . Based on this, PV emulators taking into account the shading effect are recently developed. The first option to reproduce the output voltage is to use a home-made system with a buck converter and an appropriate filter, either generating the Pulse Width Modulation (PWM) signal based on a state space voltage controller [8] or on the computation of the quiescent point, in accordance with the load measurements [9] . Another option is to directly use a programmable power supply which is controlled based on a voltage reference and a Proportional-Integral (PI) compensator [10] . However, the tests are usually performed on a resistive load, with fewer attention given to the actual testing of grid-connected PV inverters.
In this sense, while taking into account the shading effect and allowing for an online management and visualization of its parameters (temperature, irradiance and shading pattern), the emulator developed in this paper is tested on a grid-connected inverter. Also, the MPPT capability of the inverter can be evaluated in non-standard conditions, directly on the user-friendly computer interface developed in dSPACE. Finally, it is worth noting that the power of the emulator is adjustable within the limits of the equipment (up to a few kW).
The modeling of the panels is presented in the next section, without and with shading effect. The third section deals with the simulation of the emulator circuit, including the control of the converter. Finally, the practical set-up is presented with the implementation of the Graphical User Interface (GUI) in dSPACE.
2 Modeling of the panels
General model
First, the PV panels are modeled in MATLAB using the Single Exponential Model (SEM) of a solar cell [5] [6] [7] . As shown in Fig.1 , this model consists of a current source producing a current I L proportional to the solar irradiation, in parallel with a diode (accounting for the semi-conductor behavior of the silicon cell). Two resistors can be added, in series (R S ) and parallel (R Sh ), to model the series losses and the leakage current, respectively. This leads to an output PV current
When expressing the different terms, the following implicit equation is obtained:
with I S the reverse saturation or leakage current of the diode and V t its thermal voltage 1 . 1 The thermal voltage of a diode is given by V t = AkT q where A is its ideality factor, k B the Boltzman constant (1.38 × 10 −23 J/K) and q the charge of an electron (1.6 × 10 −19 C). There are four unknown parameters: I L , I S , R S and R Sh and two variables: I PV and V PV . The constructor of the PV panel usually provides a datasheet with some additional information coming from laboratory tests. It is mainly interesting to know the three remarkable working points of the panels: at Short-Circuit (SC) (I SC ), at Open Circuit (OC) (V OC ) and at Maximum Power Point (MPP) (V MPP & I MPP ). These provide three additional equations for determining the unknown parameters, which is not sufficient. An iterative fitting solution is proposed in [6] to obtain R S and R Sh . However, it implies that the resistances are fixed to a certain value for the whole simulation, neglecting the influence of irradiance and temperature, and it does not simplify (2) . In order to avoid these drawbacks, the resistance R Sh , which has a high value and therefore a small influence on the variables, is neglected [5, 8] . This modifies (2) as follows:
Thus, the three remaining unknown parameters I L , I S and R S are obtained by particularizing this equation to the remarkable working points:
• Short-Circuit: the diode current can be neglected (I L I S ) and V PV = 0, which gives
• Open Circuit: I PV = 0 and V PV = V OC , leading to the expression of the saturation current
• Maximum Power Point: the series resistance can be explicitly expressed from this situation
Finally, advantage is taken from the simplification of (2) by isolating the voltage in (3) to obtain
which is not an implicit equation anymore and will serve as reference for the control of the DC/DC converter.
Based on this, the output voltage can be computed over the whole range of admissible currents to obtain the Current-Voltage (IV) characteristic of the PV panels, as shown in Fig. 2 with its three remarkable points. The corresponding power curve is represented in the same Fig. 2 where the distinction is made between two zones: dP /dV > 0 on the left-hand side of the MPP and dP /dV < 0 on its right-hand side.
Also, the influence of the solar irradiation G and cell temperature T is included in the model using
to adjust the parameters I SC , V OC , I MPP and V MPP in eqs. (4) to (6), prior to the computation of (7). K I and K V , expressed in [K −1 ], are the temperature coefficients, defined by the type of solar cell. 
Shading effect
In addition to that, shading effect on the panels is modeled as well [7] . This complicates the Maximum Power Point Tracking (MPPT) and thus allows for a wider range of interesting tests on PV inverters. The PV system considered is represented in Fig. 3 , where three panels are connected in series, each having a bypass diode. Basically, if only one panel is shaded, the current goes through its bypass diode with nearly no voltage drop; hence, the total voltage of the array is reduced, but not its current. If, however, there was no bypass diode, the array current would be somewhere between that of the shaded panel and that of the non shaded ones with two effects: the voltage across the the shaded panel would become negative (quadrant II of the IV curve) with a risk of damage due to overheating and the output power would significantly decrease. The principle is similar for a blocking diode when several strings are connected in parallel. The model developed in this paper takes into account two levels of irradiation, G sun for a sun-exposed panel and G shade for a shaded one, with an unlimited number of panels connected in series. Simulation results are presented in Fig. 4 for this case with a situation of 2 shaded panels out of 3. These curves are to be compared with the standard ones in Fig. 2 ; as expected, they are severely distorted under shading. For low voltages, the current goes through the bypass diodes of both of the shaded panels. Therefore, the system acts as if there was only one panel. For higher voltages, there is a point where the current of this system becomes smaller than the ones produced by the shaded panels. Thus, the three panels adapt to a common value and work in series again, resulting in a low current but a higher voltage. Regarding the power curve, it presents a global and a local maximum represented by P max 1 and P max 2 , respectively. In particular, the global one should be reached for an efficient MPPT.
Emulator circuit
The circuit of the emulator, in Fig. 5 , has been defined and modeled in MATLAB/Simulink. The emulator produces the equivalent voltage V PV and current I PV at its output where it is connected to a load, be it a resistive one or a grid-connected inverter. These output variables are reproduced by a DC/DC converter (H-bridge), based on an isolated DC voltage source V dc (fed by the AC grid). This converter is controlled with PWM and the duty cycle is regulated with a PI controller which guarantees that the actual output voltage V PV follows its reference V PV ref . This reference is obtained based on the PV model that has been developed, with the atmospheric conditions G and T as input parameters, as well as the measured output current I PV . Thus, the working point is guaranteed to be situated on the IV curve. Its precise location is determined by the intersection between the characteristic of the load and this IV curve. In particular, the load is characterized by the PV inverter and its associated MPPT algorithm for a grid-connected system. Also, the use of an H-bridge with two IGBT legs avoids the discontinuous mode that would appear in the no load situation if a buck-converter was used, which would bring an offset in the OC voltage at the start-up of the emulator. In particular, a bipolar modulation is used, thus reducing the number of PWM channels to 2 and producing an instantaneous voltage V pwm at the output of the converter of either +V dc or −V dc .
Experimental results
The emulator is realized using a Semiteach IGBT from SEMIKRON for the converter. It is controlled via a dSPACE board that interacts with MATLAB/Simulink on the computer in order to both produce the PWM signals and acquire the measurements to perform the control and to display on the GUI. The three PV panels used as reference for the emulation are DROBEN CM 150 with 72 monocrystalline silicon (mono-Si) solar cells in series for each of them. The characteristics of the system are presented in Table I .
First, the GUI is introduced with its different functionalities. Then, the tests results are presented, connecting the emulator to a resistive load to confirm that the characteristics of the PV panels are properly reproduced and to a grid-tie inverter to validate its operation in real test conditions.
Graphical User Interface
The GUI, in Fig. 6 , is developed in the dSPACE ControlDesk and allows modifying in real time the atmospheric conditions, i.e. solar irradiance and temperature, to which a sinusoidal variation can be added. In particular, two levels of irradiance are defined; one in the sun and another one with shade. Also, the shading pattern can be modified online by defining each of the three PV modules with 'Sun' or 'Shade'.
The results of the emulation with these parameters can be directly observed on the computer screen as the GUI also displays several curves. First, the time evolution of the output current I PV and voltage V PV can be observed to validate the emulator operation. In addition to that, the theoretical IV characteristic, corresponding to the chosen atmospheric conditions, is displayed together with its related power curve. While the emulation is being performed, the evolution of the working point (guided by the resistive load or the PV inverter and its MPPT capability) can be observed on these plots with an adjustable timeslot. The interest of this feature is twofold; it allows verifying that there is correspondence between the theoretical and experimental data and it gives a good view of the performance of the MPPT algorithm under different test situations, e.g. different shading patterns. 
Tests on a resistive load
Tests are performed based on the configuration in Fig. 5 with a variable resistor as load. The results are presented in Fig. 7 , for standard atmospheric conditions, together with the corresponding theoretical curve. The resistance is varied from 18 Ω to 53.5 Ω to go from point 1 to 2, respectively, and cover the most meaningful part of the curve. The results show that the emulator properly reproduces the characteristic curve of the PV panels, while the working point depends on the load.
Tests on a grid-connected PV inverter
In this section, tests are performed on a grid-connected PV inverter by using the different features of the emulator. The inverter is a Sunny Boy SB 700 from SMA Solar Technology with a nominal DC voltage range of 73 V to 150 V and a maximum DC current of 7 A.
Reference situation
Fig . 8 shows the reference situation of three non shaded panels in nearly standard atmospheric conditions. The electrical outputs, PV current and voltage, fit the reference theoretical values, even though some spikes are present in the voltage results. These spikes cannot be directly explained. 
Start-up of the inverter
When the emulator is not working, the system is in OC and the inverter is turned off. A test is performed by turning on the emulator from that point, with standard atmospheric conditions. As shown in Fig. 9 , the inverter starts tracking the MPP in 1 to increase quite fast until 2, following the characteristic curve of the panels. Then, the slope of the power curve becomes lower around the MPP and the MPPT is much slower between 2 and 3 on the figures. Finally, it reaches 4 on top of the curve in steady-state. Fig. 10 displays the power curve of the emulator's GUI for a change of shading pattern, with the evolution of the operating point in red.
Changing the conditions
In point 1, i.e. with one panel under shading (G = 0.18 kW/m 2 ) and two non shaded ones (G = 0.897 kW/m 2 ), it can be observed that the inverter does not track the global maximum power, as it is stuck on the local maximum, and thus lowers the performances of the system. Thus, testing the inverter under shading is quite relevant to assess its MPPT capability or to test any particular MPPT algorithm.
When the shading is removed, the operating point comes back to the new characteristic in 2 after 0.25 s. Then, it starts tracking the MPP to reach the point 2 after a few seconds and slowly head towards the MPP in 3.
100 Hz-oscillation
Finally, as it is underlined in [8] , the output of the PV panels usually presents a 100 Hz-oscillation when connected to a single-phase grid, due to the instantaneous power balance. Thus, for the emulator to be as close from reality as possible, this ripple should be present as well. It has indeed been observed that for non standard situations, when the PV current lowers, there is a 100 Hz-oscillation similar to the one observed with the actual panels.
Conclusion
This emulation work provides an interactive tool to test commercial or prototype grid-connected PV inverters up to a few kW in a reproducible manner, without depending on actual weather conditions and the availability of a sufficiently large PV array. It has been successfully developed and tested on a resistive load and with a grid-connected inverter, accurately reproducing the behaviour of an actual PV system with or without shading. The GUI developed offers a convenient way to modify the parameters and observe the results online. Finally, the emulator offers interesting possibilities for testing the response of the MPPT algorithm of the PV inverter to different shading patterns.
